Campylobacter spp. are among the most common causes of human bacterial diarrhea worldwide. While campylobacter infections are quite common and often severe, relatively little is known about mechanisms of pathogenesis. Campylobacters are generally considered invasive, and invasiveness appears to be associated with disease in the ferret diarrheal disease model (3, 42). In addition, numerous cytotoxins in campylobacters have been described (39), but only cytolethal distending toxin (CDT) has been well characterized (29, 30, 40) . CDT has been found in a variety of other bacteria including Escherichia coli (17, 33), Shigella spp. (26), Haemophilus ducreyi (12), Actinobacillus actinomycetemcomitans (25, 35, 36) , and Helicobacter hepaticus (43). Although CDT has been shown to block eukaryotic cells in the G 2 phase of the cell cycle (6, 28, 40, 43) , its role in disease caused by such a diverse group of pathogens remains unclear. However, there is some evidence suggesting a role for CDT in diarrheal disease. An epidemiological study in Bangladesh showed a trend towards increased numbers of CDTpositive E. coli cells in diarrheal cases compared to asymptomatic controls, but the difference did not reach statistical significance (1). When fed to suckling mice, partially purified CDT from Shigella dysenteriae produced watery diarrhea and tissue damage in the descending colon (26).
Campylobacter spp. are among the most common causes of human bacterial diarrhea worldwide. While campylobacter infections are quite common and often severe, relatively little is known about mechanisms of pathogenesis. Campylobacters are generally considered invasive, and invasiveness appears to be associated with disease in the ferret diarrheal disease model (3, 42) . In addition, numerous cytotoxins in campylobacters have been described (39) , but only cytolethal distending toxin (CDT) has been well characterized (29, 30, 40) . CDT has been found in a variety of other bacteria including Escherichia coli (17, 33) , Shigella spp. (26) , Haemophilus ducreyi (12) , Actinobacillus actinomycetemcomitans (25, 35, 36) , and Helicobacter hepaticus (43) . Although CDT has been shown to block eukaryotic cells in the G 2 phase of the cell cycle (6, 28, 40, 43) , its role in disease caused by such a diverse group of pathogens remains unclear. However, there is some evidence suggesting a role for CDT in diarrheal disease. An epidemiological study in Bangladesh showed a trend towards increased numbers of CDTpositive E. coli cells in diarrheal cases compared to asymptomatic controls, but the difference did not reach statistical significance (1) . When fed to suckling mice, partially purified CDT from Shigella dysenteriae produced watery diarrhea and tissue damage in the descending colon (26) .
Campylobacter entercolitis is typically associated with a local acute inflammatory response and involves intestinal tissue damage. It is thought that the host inflammatory response may mediate many of the clinical symptoms (20) , and inflammatory cytokine responses are recognized components of enteric infections. Interleukin-8 (IL-8) is a proinflammatory cytokine, a potent chemotactic factor for many immune effector cells, and a mediator of localized inflammatory responses. Helicobacter pylori, a primary cause of gastritis in humans, is known to induce IL-8 release from epithelial cells (15, 34) . Salmonella enterica serovar Typhimurium, Listeria monocytogenes, and Shigella spp. have also been shown to elicit IL-8 secretion from intestinal epithelial cells in vitro during invasion (9, 19) . We have previously shown that Campylobacter jejuni also induces IL-8 secretion from intestinal epithelial cells by a process which correlated with adherence and/or bacterial invasion (14) . In this report we demonstrate that C. jejuni mediates IL-8 secretion from intestinal epithelial cells by multiple mechanisms. One of these mechanisms, as previously described, involves adherence and/or invasion (14) , while a second mechanism is mediated directly by CDT.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Campylobacters were routinely grown on Mueller-Hinton (MH) agar (Difco, Detroit, Mich.) under microaerobic conditions or in biphasic MH cultures. MH medium was supplemented with kanamycin to a final concentration of 50 g/ml or chloramphenicol at a final concentration of 20 g/ml in some cases. For counterselection of E. coli DH5␣ (RK212.1) donors (11, 21) in complementation experiments, trimethoprim was added to MH medium at a final concentration of 20 g/ml. In some experiments MH medium was supplemented with 25 mM (0.1%) sodium deoxycholate (Sigma, St. Louis, Mo.) (8) . Campylobacters were routinely grown for 18 to 20 h at 37°C. E. coli were grown in Luria-Bertani medium with appropriate antibiotics.
C. jejuni strains 81-176 and CH5 (also known as 4483) and Campylobacter coli strain VC167 have been described previously (4, 13, 16, 24) . C. coli 12498 was a gift from A. O'Brien. The campylobacter shuttle plasmid pRY111 (41) was used in complementation experiments.
Cloning and DNA sequence analysis of cdt genes from C. jejuni CH5. A 1.4-kb AccI fragment of pDS7.96 containing the last 450 bp of cdtA, all of cdtB, and the first 100 bp of cdtC from E. coli 6468/62 (33) was used as a probe to identify the homologous CDT genes from C. jejuni CH5. A 4.5-kb NcoI fragment of the CH5 chromosome which hybridized to the E. coli probe was cloned into the NcoI site of pACYC184 to generate pRAM6. The insert from pRAM6 was subsequently transferred into the high-copy-number vector pLITMUS28 (New England Biolabs, Beverly, Mass.) to generate pRAM12. The insert in pRAM12 was sequenced using Amplitaq DNA polymerase and FS Dyedeoxy terminator cycle sequencing kits (Perkin-Elmer-Applied Biosystems, Foster City, Calif.). The sequencing reactions were done according to the manufacturer's instructions, and analysis was performed on an Applied Biosystems model 373 automated sequencer. Sequences were assembled using AssemblyLIGN and analyzed with MacVector (Oxford Molecular, Oxford, United Kingdom).
Cell cultures. Human embryo intestinal epithelial (INT407) and HeLa cells were maintained in minimal essential medium-Earle's salts supplemented with 10% fetal bovine serum and 2 mM L-glutamine (Gibco-BRL, Gaithersburg, Md.).
CDT assays. The CDT assay was done as described by Johnson and Lior (18) , with minor modifications. Cells were harvested with trypsin, and the number of viable cells was determined by trypan blue exclusion. The HeLa cell suspension was then diluted to obtain a concentration of 2 ϫ 10 4 to 4 ϫ 10 4 cells/ml, and 150 l of this suspension was added to each well of a 96-well polystyrene plate (Costar, Corning, N.Y.). The plate was incubated for at least 1 h at 37°C in 5% CO 2 prior to addition of either filter-sterilized culture supernatants or cell fractions. When activities in different samples were compared, equal amounts of total protein from each were serially diluted and the end point titer was determined. The plates were incubated for 5 days at 37°C in 5% CO 2 . The medium was then removed, and the cells were fixed with 95% ethanol and stained with Giemsa. Wells in which greater than 50% of the HeLa cells were enlarged were considered positive.
Assay for IL-8 secretion. IL-8 assays were done as previously described using INT407 cells (14) . Briefly, bacteria, membranes, or supernatants were added to the INT407 monolayers, shaken at 2,500 rpm for 1 min, and then centrifuged at 1,000 rpm in a Sorvall RT6000D centrifuge for 10 min and incubated for 24 h at 37°C in 5% CO 2 . Culture medium was harvested and stored at Ϫ70°C until analyzed for IL-8 protein by enzyme-linked immunosorbent assay. Nunc Maxisorp plates were coated with 3 ng of rabbit anti-human IL-8 (Endogen, Cambridge, Mass.) per well. Culture supernatants were diluted 1:1 in phosphatebuffered saline-0.1% Tween 20 and 3 mg of bovine serum albumin/ml. Bound IL-8 was detected with a biotin-coupled detection antibody (0.5 g/ml). The assay was developed with avidin-peroxidase (500 g/ml) (Gibco-BRL) and TMB (3,3Ј,5,5Ј-tetramethylbenzidine; Sigma).
Synthesis of oligonucleotides.
Oligonucleotides for use as PCR primers and as primers for DNA sequencing were synthesized on an Applied Biosystems model 392 automated DNA synthesizer.
RT-PCR assays. Total RNA was isolated from C. jejuni 81-176 and CDT mutants using RNAeasy kits (Qiagen, Chatsworth, Calif.). Initial reverse transcriptase PCR (RT-PCR) analyses were performed using kits from Stratagene (La Jolla, Calif.), and later analyses were done with the MasterAmp kit from Epicentre Technologies (Madison, Wis.). The positions of the primer sets used are shown in Fig. 1 . Primers were as follows: primer set 1 (between cdtA and cdtB), DS18 (5Ј-CCTTGTGATGCAAGCAATC-3Ј) and DS15 (5Ј-ACACTCC ATTTGCTTTCTG-3Ј); primer set 2 (between cdtB and cdtC), DS21 (5Ј-GGG ATTTTAACCGTGATCCTTC-3Ј) and DS14 (5Ј-AGATTTTGCTCCAAAGG TTC-3Ј); primer set 3 (within cdtA), DS27 (5Ј-TGTAAATCCTTTGGGGCGT TC-3Ј) and DS19 (5Ј-GCAAAAGTTGCCAAACTCTAG-3Ј); primer set 4 (within cdtB), DS16 (5Ј-CACAGAAAGCAAATGGAGTGTTAG-3Ј) and DS8 (5Ј-CGCTAGTTGGAAAAACCACTC-3Ј); primer set 5 (within cdtC), DS9 (5Ј-CAACTCCTACTGGAGATTTGAAAG-3Ј) and DS23 (5Ј-AAAGGGGTAGC AGCTGTTAA-3Ј). When using the Stratagene kit, PCR was performed with the initial denaturation step for 2 min at 94°C, followed by 30 cycles of 94°C for 1 min, 55°C for 1 min, and 72°C for 1 min. RT-PCR mixtures lacking reverse transcriptase were included as negative controls. When using the MasterAmp RT-PCR kit from Epicentre Technologies, RT-PCR was performed with an initial incubation step at 60°C for 20 min, followed by 30 cycles as described above. The initial 60°C step was omitted in the negative controls. Chromosomal DNA isolated from 81-176 was used as the positive control for the PCR with both kits. Aliquots of RT-PCR mixtures were electrophoresed on 1.2% agarose gels.
Construction of CDT mutants and transconjugants. The kanamycin resistance (Km r ) cassette from pILL600 (21) was inserted into restriction endonuclease sites within each of the three CDT genes as seen in Fig. 1 in either pRAM12 or various subclones. The orientation of the cassette in each mutant was determined by DNA sequencing with primers that read out from both ends of the cassette (41) . Plasmid DNAs containing the insertionally inactivated alleles were transformed into 81-176 by natural transformation, and mutants were selected on kanamycin (38) . Transformants were characterized by Southern blotting to confirm that the plasmid DNA had integrated via a double crossover and that no vector sequences were present (data not shown).
Construction of MBP fusions of the three CDT subunits. A portion of each CDT gene from CH5 was fused to the 3Ј end of the gene encoding maltose binding protein (MBP; M r , 42,698) of E. coli using either pMAL-p2 (cdtA and cdtC) or pMAL-c2 (cdtB). A PCR product encoding part of cdtA was generated using primers cdtA-f (5Ј-GGAATTCACTCCTATTACCCCACCTTTA-3Ј) and cdtA-r (5Ј-GGAATTCTCAAGGTTTTGCGGTAAAAGGCGG-3Ј), which correspond to bp 208 to 228 and 760 to 780, respectively, of the cdt coding region with an EcoRI site at the 5Ј end of each primer. In addition, a TCA codon was added to the cdtA-r primer after the EcoRI site to produce the stop codon TGA. This resulted in an MBP-CdtA fusion protein with a predicted M r of 64,173, which included 191 amino acids of CdtA (residues 70 to 260). The cdtB fusion was constructed with cdtB-f (5Ј-GTTAGTACTTGGAATTTGCAAGGC-3Ј) and cdtB-r (5Ј-CGCGGATCCTCAAAGCGGTGGAGTATAGGTTTG-3Ј). These primers correspond to bp 73 to 90 and 697 to 717, respectively, of the cdtB coding region with a ScaI restriction site added to the 5Ј end of the cdtB-f primer and a BamHI site and stop codon added in the cdtB-r primer. The MBP-CdtB fusion protein had a predicted M r of 65,975 and included 215 amino acids of CdtB (amino acid residues 25 to 239). The PCR product for cdtC was amplified with cdtC-f (5Ј-GGAATTCGCCTTTGCAACTCCTACTGGA-3Ј) and cdtC-r (5Ј-GGAATTCTCAAGGTGGGGTTATAATCATTAGTTC-3Ј), which correspond to bp 43 to 63 and 520 to 543, respectively, of the cdt coding region. These primers included an EcoRI site at the 5Ј ends of both primers and a stop codon in the cdtC-r primer. The resulting fusion protein had a predicted M r of 61,605 and included 167 amino acids (residues 15 to 181) of CdtC. PCRs for all three constructions were performed for 30 cycles using pRAM12 as the template under the following conditions: 95°C for 1 min, 50°C for 1 min, and 72°C for 1 min. Both cdtA and cdtC PCR products were digested with EcoRI and then cloned into the EcoRI site of pMAL-p2. The cdtB PCR product was digested with BamHI and ScaI and ligated to pMAL-c2, which had been digested with XmnI and BamHI. All transformants were screened by hybridization with appropriate DNA probes for each gene to identify positive clones. Plasmid DNAs isolated from probepositive transformants were sequenced to confirm the appropriate junction between the MBP gene and cdt using primers which read from within the appropriate cdt gene. Large-scale expression and purification of the fusion proteins were done as recommended by New England Biolabs.
Generation of polyclonal antisera against each CDT subunit. Rabbit polyclonal antiserum against each MBP-CDT fusion protein was made commercially in adult New Zealand White rabbits by Harlan Bioproducts Inc. (Indianapolis, Ind.). Antisera against the CdtA, CdtB, and CdtC fusion proteins were designated ALM1, ALM2, and ALM3, respectively. Each of the three antisera was capable of neutralizing CDT activity in culture supernatants at a 1:1 dilution.
Isolation of membrane fractions. Membrane fractions were purified by the method of Logan and Trust (23) as previously described (14), except that the membrane pellets were washed twice in 0.2 M glycine, pH 2.2, to dissociate flagellum filaments and then twice in 20 mM Tris-HCl (pH 7.4) to neutralize the pH. Protein concentrations were determined by protein assay (Bio-Rad, Hercules, Calif.).
SDS-PAGE and immunoblot analysis. Proteins were analyzed on duplicate sodium dodecyl sulfate-12.5% polyacrylamide gel electrophoresis gels by the method of Laemmli (22) . Equivalent amounts of protein in each sample, as determined by Bio-Rad protein assay, were loaded onto each gel. One gel was stained by Coomassie blue to confirm that the proteins were loaded equivalently, and the other gel was immunoblotted with anti-CDT antisera. ALM1, ALM2, and ALM3 antisera were used at dilutions of 1:10,000, 1:2,500, and 1:2,500, respectively. The secondary antibody, alkaline phosphatase-conjugated goat antirabbit immunoglobulin G (Caltag Laboratories, Burlingame, Calif.) was used at dilution of 1:5,000. Western blots were developed with nitroblue tetrazolium and 5-bromo-1-chloro-3-indolylphosphate in N,N-dimethylformamide (Promega, Madison, Wis.).
Antibody inhibition assays. Filter-sterilized culture supernatants (1 g of protein) were incubated for 30 min at 37°C with serial dilutions of ALM1, ALM2, and ALM3 antisera prior to IL-8 or CDT assays. Controls were the serum of each rabbit prior to immunization (preimmune sera).
Statistical analyses. Experimental results from independent tests were presented as mean IL-8 induction (in picograms per milliliter) Ϯ one standard deviation. Mean values of IL-8 induction were compared by using two-tailed t tests; sample variance determinations were based on F test analysis.
Nucleotide sequence accession number. The nucleotide sequence of the cdt genes of C. jejuni CH5 has been deposited in GenBank under accession no. 159497.
FIG. 1. Restriction map of the 4.5-kb
NcoI chromosomal fragment of the C. jejuni CH5 chromosome containing the cdt genes. The NcoI fragment was cloned into pACYC184 to generate pRAM6, into pLITMUS28 to generate pRAM12, and into pRY111 (41) to generate pRAM33. The 3.5-kb NlaV/SacI fragment, which extends 1.5 kb upstream of cdtA through the first 303 bp of cdtC, was cloned into pRY111 (41) 
RESULTS

Distinct mechanisms of IL-8 induction from INT407 cells by
C. coli and C. jejuni. We have previously shown that viable C. jejuni can mediate IL-8 secretion from intestinal epithelial monolayers (14) . Figure 2A shows that live cells of C. coli VC167 T2 mediated the secretion of 879 Ϯ 107 pg of IL-8/ml compared to 606 Ϯ 72 pg of IL-8/ml by C. jejuni 81-176. Another C. coli strain, 12498, mediated the secretion of 1,082 Ϯ 43 pg of IL-8/ml. Both VC167 and 12498 strains are invasive for INT407 cells (data not shown). Figure 2B shows that 1 g of membrane proteins isolated from C. jejuni 81-176 mediated the secretion of 1,164 Ϯ 260 pg of IL-8/ml. In contrast, C. coli VC167 T2 and C. coli 12498 membranes were negative in the IL-8 assay (12 Ϯ 18 and 26 Ϯ 52 pg of IL-8/ml, respectively).
Generation of site-specific mutations in each of the cdt genes of C. jejuni 81-176. Independent research in this laboratory had indicated that CDT activity was associated with membranes in C. jejuni but not C. coli (see below). The cdt genes were cloned and sequenced from C. jejuni CH5 as described in Materials and Methods. DNA sequence analysis revealed that the predicted CDT proteins of CH5 are identical to those of C. jejuni 81-176 (30) and NCTC 11168 (27) . Site-specific mutations were generated in each gene by insertion of a Km r cassette at the restriction sites indicated in Fig. 1 and transformed into C. jejuni 81-176 as described in Materials and Methods. The 81-176 mutant strains harboring the Km r cassette in the same orientation as cdtA, cdtB, and cdtC are transcribed were named DS105, DS102, and DS103, respectively. The cassette was also inserted into the cdtA gene in the same site as that for DS105 but in the opposite orientation to generate mutant DS104. Supernatants of all four mutants had no detectable CDT activity, which has been reported for similar insertional mutant C. jejuni cdt genes (40) .
RT-PCR experiments were done using mRNA isolated from the mutants to examine the effect of the Km r cassette on the transcription of downstream genes. Primers which spanned the cdtA and cdtB genes (DS18 and DS15 or primer set 1; Fig. 1 ) and the cdtB and cdtC genes (DS21 and DS14 or primer set 2) were used in RT-PCRs with total RNA isolated from C. jejuni 81-176. The predicted 370-and 575-bp products were generated with primer sets 1 and 2, respectively, indicating that all three genes are cotranscribed in a single mRNA, as previously assumed (29, 40) (Fig. 3A, lanes 1 and 4) . When mRNA from the cdtA mutant DS104 was used, no RNA specific for either cdtB or cdtC was detected with intragenic primer pairs 4 and 5, respectively (data not shown), suggesting a polar effect when the Km r cassette is inserted in the orientation opposite to that from which the genes are transcribed. However, RNAs specific for cdtB and cdtC were detected in the other cdtA mutant, DS105 (Fig. 3B, b and c, lane 3) , and cdtC mRNA was detected in DS102 (Fig. 3B, c, lane 5) , confirming the predicted lack of polarity when the cassette is inserted in the same direction as the target gene is transcribed (32) .
All three CDT proteins are membrane associated in C. jejuni. 81-176 cells were separated into membrane and soluble fractions and examined by Western blotting with antisera against recombinant forms of the proteins: ALM1 (anti-CdtA), ALM2 (anti-CdtB), and ALM3 (anti-CdtC). These data are shown in Fig. 4 . The CdtA band of 81-176 (Fig. 4A, lanes 1 and 2) appears as a doublet localized predominantly to the membrane fraction (lane 1). This band is missing in fractions from the nonpolar cdtA mutant DS105 (Fig. 4A, lanes 3 and 4) . . The observed protein, which migrates at an apparent molecular mass of approximately 28 kDa, correlates well with CdtA, which has a predicted molecular mass of 27.6 kDa. ALM2 identified a protein with an approximate molecular mass of 27 kDa in the wild-type membrane fractions (Fig. 4B,  lane 1 ) and, to a lesser degree, in the soluble fraction (lane 2), and this protein was not found in the corresponding fractions of the cdtB mutant, DS102 (lanes 3 and 4, respectively). The apparent molecular mass of CdtB correlates well with the predicted size of 27.1 kDa. The CdtB protein was also apparent in the cdtC mutant, DS103, but, in contrast to the predominant membrane location of CdtB in the wild type, in DS103, CdtB appeared to be in approximately equal amounts in membrane and soluble fractions (lanes 7 and 8, respectively). Surprisingly, no CdtB was observed in either membrane (lane 3) or soluble fractions (lane 4) of the nonpolar cdtA mutant, DS105.
ALM3 detected a protein with an approximate molecular mass of 19 kDa in the membrane fraction of the wild-type (Fig.  4C, lane 1) , and a minor amount of this protein was visualized in the soluble fraction (lane 2). This protein was also missing in both the soluble (lane 8) and membrane fractions (lane 7) from the cdtC mutant, DS103. The predicted molecular mass of mature CdtC is 19.1 kDa, which corresponds well with the observed molecular mass. Surprisingly, CdtC was not observed in membrane or soluble fractions of either DS105 (lanes 3 and 4) or DS102 (lanes 5 and 6).
Membrane-associated induction of IL-8 by C. jejuni is mediated by CDT. Membranes from DS105, which lacked all three CDT subunits, induced levels of IL-8 comparable to those induced by medium-alone controls (Fig. 2B) . Membranes from DS104 also lacked all three CDT subunits (Fig. 5,  lane 6 ) and showed no IL-8 induction (Fig. 2B) . Similarly, membranes from DS102, which synthesized CdtA only, and DS103, which synthesized CdtA and CdtB, induced levels of IL-8 comparable to those induced by medium-alone controls.
When viable cells were used in the IL-8 assay, there were no significant differences in IL-8 release between 81-176 and any of the cdt mutants ( Fig. 2A) , indicating that induction of IL-8 by 81-176 via internalization into epithelial cells (14) is independent of CDT expression. This is also consistent with the ability of whole cells of the two C. coli strains, which are CDT negative by both bioassay and DNA hybridization (data not shown), to induce IL-8 (see below).
Complementation in trans. DS104 was complemented in trans with pRAM33, a Cm r shuttle vector containing all of the cdt genes (Fig. 1) . DS104(pRAM33) exhibited CDT activity and synthesized all three subunits (Fig. 5, lane 6) . Membrane fractions from DS104(pRAM33) induced 590 Ϯ 88 pg of IL-8/ml, as shown in Fig. 2B . Similarly, as mentioned above, membranes from the two C. coli strains, VC167 and 12498, which are CDT negative by both bioassay and DNA hybridization (data not shown), failed to induce IL-8 release (Fig. 2B) . Membrane preparations of both C. coli VC167 T2 and 12498 failed to react with ALM1, ALM2, or ALM3 antisera. Results for membranes of 12498 are seen in Fig. 5 , lane 8. However, when the C. jejuni CDT genes were transferred into C. coli 12498 on pRAM33, all three CDT proteins could be detected in membrane fractions by immunoblotting, as shown in Fig. 5 , lane 9. These same membrane fractions from 12498(pRAM33) induced 1,014 Ϯ 105 pg of IL-8/ml (Fig. 2B) .
DS105 was also complemented in trans with pRAM18, containing all of cdtA and cdtB and the first 303 bp of cdtC (Fig. 1) . Western blot analysis of DS105(pRAM18) (Fig. 5, lane 3) indicated that CdtA, CdtB, and CdtC proteins were present at levels comparable to those for wild-type 81-176 (lane 1) as determined by comparison of dilutions of membrane prepara- tions of the same protein concentration. The levels of CDT activity in membrane preparations of DS105(pRAM18) were also equivalent to that for wild-type 81-176, and membrane preparations from DS105(pRAM18) induced 424 Ϯ 85 pg of IL-8/ml (Fig. 2B) .
In DS102(pRAM18) (Fig. 5 , lane 5) the levels of CdtA and CdtB in the membrane fraction were comparable to those seen in wild-type 81-176 (lane 1). However, the levels of CdtC in DS102(pRAM18) were consistently lower than those seen in either the wild type (Fig. 5C, lane 1) or DS102(pRAM18) (Fig.  5C, lane 3) . CDT activity could be detected in membrane fractions of DS102(pRAM18), but at levels that were approximately fourfold lower than those seen with wild-type 81-176 as determined by serial dilution in four independent assays. Membrane preparations from DS102(pRAM18) produced IL-8 levels comparable to those produced by medium-alone controls (Fig. 2B) .
Titration of CDT and IL-8 activity in membranes of C. jejuni 81-176. Membrane preparations of 81-176 which had been adjusted to 4 g of protein/ml were serially diluted, and the CDT activity and IL-8 activities were compared. The results, shown in Fig. 6 , indicated that the amount of IL-8 released is proportional to the amount of membrane protein added to the assay mixture. When 4 g of protein/ml was added, IL-8 activity was 3,036 pg/ml, but when 0.5 g of total protein/ml was used, IL-8 was barely detectable (71 pg/ml). CDT cytotoxic activity, however, could be detected with Ն62 ng of membrane protein.
Growth of C. jejuni in DOC causes release of CDT and IL-8 activity. CdtA is thought to be a lipoprotein (40) , and sodium deoxycholate (DOC) is known to solubilize lipoproteins from membranes (37) . 81-176 was grown overnight in MH media with or without DOC (25 mM), and the location of the CDT proteins was determined by immunoblotting with the ALM antisera. Figure 7 shows that when 81-176 was grown without DOC, all three CDT subunits were found in the membrane (lane 1) and no CDT proteins were detected in the supernatant (lane 3). However, when the bacteria were grown in the presence of DOC, CdtA and CdtB proteins were no longer detectable in membranes and CdtC levels were greatly reduced (lane 2). Instead, all three CDT proteins were found in concentrated supernatants of DOC-grown cells (lane 4). Similarly, CDT activity in membranes was reduced Ͼ100-fold when the bacteria were grown in the presence of DOC and the highest level of CDT activity was found in the supernatants (data not shown). Figure 2C shows that concentrated culture supernatants from DOC-grown cultures of C. jejuni 81-176 which were concentrated 100-fold mediated the release of 1,800 Ϯ 555 pg of IL-8/ml from intestinal epithelial cells. Concentrated supernatants from cells grown without DOC were negative (data not shown). Figure 2C also shows that DOC supernatants from cdt mutants DS102, DS103, and DS104 were negative. However, DOC supernatants from DS104(pRAM33) produced over 3,000 pg of IL-8/ml. Similarly, supernatants from DOC-grown C. coli strains VC167 and 12498, lacking CDT, did not induce release of IL-8. However, DOC supernatants of C. coli 12498(pRAM33) released 2,668 Ϯ 1,142 pg of IL-8/ml.
Antibodies to each of the three CDT subunits inhibit IL-8 activity in DOC supernatants. ALM1, ALM2, and ALM3 antisera each demonstrated inhibitory effects on the ability of DOC supernatants to induce IL-8 liberation and CDT activity. All three antisera completely inhibited CDT activity at dilutions of 1:2 and 1:4. At dilutions of 1:8, ALM1 antiserum no longer inhibited CDT activity. ALM2 and ALM3 antisera showed some variation between triplicate experiments but showed Յ75% inhibition of CDT cytotoxic activity at dilutions of 1:8. Preimmune sera from the same rabbits did not inhibit CDT activity at a 1:1 dilution.
IL-8 release was more sensitive to the neutralization effects of the three antisera, consistent with the requirement for more CDT protein. Preimmune sera from the rabbits which generated ALM1 and ALM2 antisera showed low-level inhibition of IL-8 induction, but the postimmune sera showed significant increases in titer. Thus, treatment with ALM1 at a dilution of 1:1,024 produced 75% of wild-type IL-8 activity (a 64-fold increase over that for the preimmune serum) and ALM2 showed inhibition at dilutions up to 1:128 (a 32-fold increase over that for preimmune serum). The preimmune serum from the rabbit which generated ALM3 showed no inhibition at a dilution of 1:1; ALM3 antiserum inhibited IL-8 release at a dilution of 1:512. 
DISCUSSION
The data presented here indicate that C. jejuni can induce IL-8 from intestinal epithelial cells by two distinct mechanisms. The first, as previously described (14) , requires that live bacterial cells adhere and/or invade eukaryotic epithelial cells. Moreover, the two strains of C. coli examined here are also able to induce IL-8 by what appears to be a similar mechanism. However, IL-8 can also be induced by membrane proteins of C. jejuni strains but not membrane proteins of the two C. coli strains used. Although we previously reported that C. jejuni membrane preparations were inactive in the IL-8 assay (14), removal of the abundant flagellin protein by glycine solubilization of flagella allowed for detection of IL-8 activity, likely by allowing addition of more CDT proteins. Genetic studies also confirmed the existence of at least two distinct mechanisms of cytokine release by 81-176. CDT mutants remained invasive and capable of inducing IL-8 during the internalization process. However, membranes of mutants defective in any of the three CDT subunits lost the ability to induce IL-8. Although Shenker et al. (35) have shown that CdtB from A. actinomycetemcomitans is sufficient for cytotoxic activity, the genetic studies reported here with C. jejuni suggest that CdtC is necessary for (or at least enhances) cytotoxic activity, since a strain with wild-type levels of CdtA and CdtB but reduced levels of CdtC showed a reduced cytotoxic effect. This same strain failed to induce any detectable IL-8, suggesting that CdtC is required for IL-8 release, as well. However, given the relative insensitivity of the IL-8 assay compared to that of the cytotoxin assay, we cannot exclude the possibility that all three CDT subunits are necessary for IL-8 induction. The genetic studies described here, which are the first that measure expression of individual CDT subunits and not simply cytotoxic activity, have revealed new information about CDT subunit interactions. Thus, there is an apparent interdependency of the protein subunits for translation, or CdtB and CdtC must interact with each other and/or CdtA in order to avoid degradation or be transported to the membrane or both.
Membranes of C. coli strains which naturally lack CDT are unable to induce IL-8, but membranes from the same C. coli strain containing a shuttle plasmid encoding the C. jejuni cdt operon induced IL-8 activity. Although a recent report indicates that most C. coli strains also contain CDT genes related to those of C. jejuni (10), CDT was not detected in the two C. coli strains used in this study by either the cytotoxin assay, DNA probing (data not shown), or Western blotting with the ALM antisera. It remains to be determined if CDTs from bacteria other than C. jejuni are capable of IL-8 induction, but our preliminary data indicate that membrane fractions of E. coli DH5␣ containing a clone of E. coli CDT (33) are also capable of inducing release of IL-8 from INT407 cells (data not shown).
Growth in physiological levels of DOC (2.5 mM) caused release of CDT into the supernatant. Growth of C. jejuni in this same level of DOC has previously been shown to result in synthesis of a pilus-like structure required for virulence (8) .
Thus, it appears that passage of C. jejuni through the bile-rich small intestine would both affect synthesis of these structures and enhance the release of CDT. However, it remains to be determined if DOC causes release of CDT by solubilization of lipoproteins (37) or by a more-specific mechanism such as that reported for the release of Ipa proteins from Shigella spp. (31) .
CDTs exert numerous effects on eukaryotic target cells. All CDTs have been shown to arrest epithelial cells in the G 2 /M phase of the cell cycle (2, 7, 26, 35, 40) , and for E. coli CDT there is an accumulation of actin stress fibers concomitant with the cessation of cell division (2) . In addition, CDT from H. ducreyi has been shown to arrest human T cells in the G 2 /M phase and to induce apoptosis (12) . Similarly, Shenker et al. (35) showed that although CDT from A. actinomycetemcomitans arrested the cell cycle of both HeLa cells and human T cells, T cells were fivefold more sensitive to the toxic effects than epithelial cells. These results suggested that the primary effect of CDT in H. ducreyi and A. actinomycetemcomitans infections may be immunosuppression of the host T-cell response. In this report we demonstrate that C. jejuni CDT, in addition to arresting epithelial cells in the G 2 /M phase of the cell cycle, also induces release of the proinflammatory cytokine IL-8. The IL-8 studies have been done with INT407 cells, which were previously used in studies of C. jejuni IL-8 induction (14) , although similar results were obtained with HeLa cells (data not shown). Both HeLa and INT407 cells appear more sensitive to the cytotoxic affects than to the IL-8-inducing effects of CDT (data not shown). The observation of a proinflammatory component to CDT is consistent with earlier reports that inflammatory infiltrates were present in the submucosa of rabbit ileum injected with either live cultures or culture supernatants of CDT-producing E. coli strains (5). Moreover, Johnson and Lior also noted inflammatory responses to CDTs in the rabbit permeability factor assay and in rat ileal loops (17, 18) . We are currently examining the role of CDT in inflammatory diarrhea in animal models.
